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A straightforward, rapid method to create colloidally stable and brightly luminescent core/shell 
CdSe-based nanoplatelets (NPLs) with fluorescence quantum yields (QYs) up to 50% is 
demonstrated. A layer-by-layer deposition technique based on a two-phase mixture ‒ consisting 
of a nonpolar phase which includes the NPLs, and a saturated ionic polar phase ‒ to separate 
the reagents and hinder the nucleation of the shell material is used. The deposition of the first 
sulfur layer leads to a significant red-shift (by more than 100 nm) of the optical absorption and 
emission of the NPLs. Hence, by varying either the sulfur precursor content or the reaction time 
one can precisely and continuously tune the absorption and emission maxima from 520 to 630 
nm. This evolution of the absorption onset during the shell growth is explained quantitatively 
using density-functional theory and atomistic statistical simulations. The emission can be 
further enhanced by exposure of the NPL solution to ambient sunlight. Finally, it is 
demonstrated that the core/shell NPLs can be transferred from the organic solution to aqueous 
media with no reduction of their QY that opens the door to a broad range of practical 
applications.
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1. Introduction 
The colloidal synthesis of inorganic nanomaterials has advanced rapidly due to impressive 
developments over the past three decades. These advances enable one to create functional 
nanoscale building blocks with unprecedented physical and chemical properties. For example, 
precise control over the size, shape, composition, and structure of diverse colloidal 
nanomaterials is now possible. This control creates new opportunities for applications ranging 
from medicine to electronic and optoelectronic devices.[1] Recently, the superior characteristics 
of two-dimensional colloidal semiconductor quantum wells (also known as nanoribbons, 
quantum disks, and in this work as nanoplatelets (NPLs)) based on cadmium chalcogenides 
have attracted great interest for applications in advanced electronic and optoelectronic devices 
such as light-emitting diodes (LEDs), lasers and field-effect transistors.[2] The NPLs exhibit 
strong quantum confinement in only one direction and thus have highly controllable optical 
properties depending primarily on thickness. They also benefit from a lack of inhomogeneous 
broadening. For example, CdSe NPLs possess extremely narrow emission bandwidth (<11 nm) 
at room temperature, large absorption cross-section,[3] giant oscillator strength,[4] low lasing 
threshold,[5] and ultrafast radiative luminescece lifetimes; hence, in many aspects they 
outperform traditional quasi-spherical nanocrystals.[2b, 6] 
The first demonstrations of optical tunability in core-only CdSe NPLs relied on changing the 
thickness of the NPLs, on extending them laterally, and on tailoring their composition. 
Subsequent work employed more sophisticated structures such as core/shell, core/crown and 
core/crown/shell heterostructures with modulated type-I, type-II or quasi-type-II band 
alignment.[2b] These complex geometries give more control over the confined electron and hole 
  wave functions, which determine the optical and electronic characteristics of the NPLs. Of special        
  interest are core/shell structures in which the growth of a shell takes place in both  
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horizontal and vertical directions using low-temperature techniques introduced by Mahler et 
al.[7] and Ithurria et al.[8] Core/shell NPLs based on cadmium chalcogenides usually show a 
pronounced red-shift owing to a strong delocalization of the electron wave function in the shell 
material, and enhanced photoluminescence quantum yields (PL QYs) compared to core-only 
NPLs. Even core/shell combinations with type-I band alignments, such as CdSe/ZnS, exhibit 
delocalization of the electron wave function into the shell material and large red-shifts of the 
absorption and emission maxima.[9] This red-shift creates a “spectral gap” between core-only 
NPLs and core/shell NPLs that is difficult to bridge. 
The physical origin of this spectral gap is well understood: traditional NPLs have discrete, 
atomic-scale thicknesses that cannot be continuously tuned. Overcoming this limitation would 
allow the unique optical characteristics of NPLs to be applied over a much broader spectral 
range, in much the same way that quasi-spherical quantum dots can already be used. So far, 
efforts in this direction have been based mainly on compositional alloying and have had limited 
success. For example, the Dubertret group has shown that alloying CdSe NPLs with tellurium 
leads to large optical bowing that modifies the optical properties in a complicated way.[10] The 
exciton characteristics of the resulting CdSexTe1‒x NPLs are red-shifted and the PL linewidth 
is strongly broadened. Similarly undesirable behavior was reported by the Demir group for 
CdSe/CdSexTe1‒x core/crown NPLs.[11] On the other hand, alloying CdSe NPLs with sulfur 
leads to CdSexS1‒x NPLs and a shift of the PL to the blue that maintains the narrow emission 
peak.[12] 
In this work, we introduce an approach for modulating the delocalization of the electron wave 
function in all-core CdSe and core/shell CdSe/CdS, CdSe/CdxZn1‒xS and CdSe/ZnS NPLs. The 
method is based on the controlled deposition, at room temperature, of the isovalent anions (S2‒ 
) and cations (Cd2+ and/or Zn2+). We demonstrate that this process leads to precise and 
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reproducible tuning of the optical absorption and PL spectra while preserving the narrow, 
symmetric emission linewidths. The efficiency of band-edge luminescence can also be 
dramatically improved by post-synthetic room temperature photochemical annealing, which 
leads to PL QYs as high as 50%. Finally, we demonstrate the exchange of organic ligands by 
hydrophilic thiolate ligands on the surfaces of these core/shell NPLs, broadening further the 
surface chemistry and range of relevant solvents. Taken together, these improvements mean 
that NPLs are now excellent candidates for a variety of optical and electronic applications. 
 
2. Results and Discussion 
2.1. Structural Properties 
To synthesize the core/shell structures, we used 4-ML CdSe NPLs with a size of 25×7 nm and 
a PL maximum at 513 nm. These provide a wider range for tuning optical properties than do 5- 
ML NPLs (which have a PL maximum at 553 nm) and are more uniform in size and shape than 
3-ML NPLs. We grew the shells in a two-phase mixture of immiscible nonpolar (hexane) and 
polar (formamide (FA)) solvents. The shell growth took place in the hexane phase, where the 
NPLs were dissolved. This method is different from the one developed by Mahler et al.[7] and 
Tessier et al.,[13] in which “colloidal atomic-layer deposition” of the shell occurs in the polar 
phase. Our approach is based on a recipe recently published by Razgoniaeva et al.,[14] who used 
it to grow monodisperse CdS nanocrystals from small uniform CdS clusters. The advantage of 
this method is that the shell precursors are separated from the nanoparticles, preventing 
homonucleation of the shell material (Figure 1). 
The shell precursors (salts containing sulfide, cadmium or zinc ions) were first dissolved in the 
polar solvent (FA) and then transferred sequentially by oleylamine (OlAm) ligands to the NPL 
solution, where they reacted to form shells of CdS, ZnS or CdxZn1‒xS comprising alternating 
layers of anions and cations. After each layer was deposited, the NPLs were cleaned to remove 
excess precursor, by decantation of the hexane phase to avoid precipitating the NPLs followed 
by washing with a fresh portion of FA repeated three times. OlAm plays a double role: as a 
6 
 
 
phase-transfer agent to transport ions from the polar to the nonpolar media, and as a capping 
ligand. Higher OlAm concentrations also create a faster and larger shift of the optical spectra 
toward the red. A large excess of sulfur precursor leads to fast precipitation of the NPLs in the 
hexane phase, which suggests that sulfur complexes and blocks the amine ligands. On the other 
hand, low sulfur concentrations lead to smaller red-shifts. Hence, to obtain stable NPLs it is 
important to carefully balance all the reaction parameters. 
Transmission electron microscopy (TEM) imaging revealed no significant changes in the size 
or shape due to the growth of the shell using short reaction times. Longer reaction times, or 
larger amounts of (NH4)2S and OlAm, lead to laterally smaller NPLs with rounded edges 
(Figure 2a‒c and S1 in the Supporting Information). The top and bottom facets of CdSe NPLs 
are {001} surfaces, which are better passivated by organic ligands than {110} or {111} 
facets.[15] The rounded edges may arise from partial etching of these more reactive facets by 
OlAm. Since the electronic and optical properties of the NPLs are mainly determined by their 
thickness, these small morphological changes do not substantially modify those properties. 
Nevertheless, we cannot completely exclude the possibility of the reaction between cadmium, 
released as a result of etching, with the sulfur precursor in long reaction runs, which may yield 
partial CdS coverage already at the first stage of deposition of the S2‒ layer. We, however, did 
not observe homogeneously nucleated small CdS nanoparticles in the samples, which would be 
a clear indication that this reaction actually takes place. 
The OlAm-capped NPLs generally do not form stacks on the grids. This is unlike NPLs capped 
with oleic acid (OlAc)/myristic acid, which form stacks that allow direct measurement of their 
thickness. Nevertheless, imaging by high-angle annular-dark-field (HAADF) scanning-TEM 
(STEM) revealed the overall preservation of the 2D shape after the shell growth, as evidenced 
by quite uniform contrast of the NPLs (Figure 2d). STEM mapping showed that Cd and S are 
located throughout the NPLs whereas Se is mostly in the core (Figure 2e). The very small 
thickness of the NPLs makes it difficult to acquire a sufficiently intensive signal with better 
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resolution. X-ray diffraction (XRD) patterns for 4-ML CdSe all-core and core/shell NPLs 
grown using either Method A or B (see the Experimental Section for details) reveal the same 
cubic crystal structure (Figure S2). Small differences between the characteristic reflexes of 
bulk CdSe (25.35°, 42.00°, 49.69°) and bulk CdS (26.50°, 30.80°, 43.96°, 52.13°) indicate a 
small shift to larger angles and a narrowing of the peaks that is typical for core/shell 
heterostructures. 
2.2. Optical Properties 
The core/shell NPLs have broadened absorption features but relatively narrow emission spectra, 
with FWHM smaller than 19 nm (Figure S3). Tessier et al. have demonstrated that broadening 
of the emission peaks arises from stronger exciton‒phonon coupling in the CdS shell than in 
the CdSe core (FWHM < 9 nm).[13] Ithurria and Talapin attributed similar broadening to defects 
in the shell and crystal lattice disorder.[8] We find that the PL QY of core/shell NPLs remains 
relatively low and hypothesize that this is due to inefficient passivation of trap states on the 
surfaces of cores and shells; these traps are probably crystal lattice defects and dangling bonds 
that form during replacement of OlAc with OlAm. Indeed, we observed a remarkable drop of 
the PL QY upon addition of OlAm to the CdSe NPLs. This decrease can be reversed by adding 
excess cadmium acetate, which suggests that OlAm removes Cd2+ from the surface creating 
trap states. 
The absorption spectra shift to progressively longer wavelengths upon deposition of each half- 
ML, as shown in Figure S3a. The deposition of the first full ML shifts the absorption maximum 
by 70 nm (to approx. 581 nm), the second ML by 35 nm (to 616 nm), the third by 20 nm (to 
636 nm), and the fourth by 10 nm (to 646 nm). In contrast, the emission spectra (shown in 
Figure S3b) shift abruptly after depositing the first sulfur layer and are strongly quenched, while 
the next Cd2+ layer restores the intensity. Deposition of the first full ML shifted the PL 
maximum by 79 nm (to 594 nm), the second ML by 30 nm (to 624 nm), the third by 16 nm (to 
640 nm), and the fourth by 11 nm (to 651 nm). These shifts suggest that the strong quantum 
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confinement of the initial CdSe NPLs changes to quasi-type-II alignment for the core/shell 
NPLs, in which the electron wave function is delocalized over the entire structure (the core and 
the shell) while the hole is localized mainly in the core. The Stokes shift decreases from 15 to 
7 nm, and the FWHM from 30 to 19 nm, as the number of complete CdS MLs increases. The 
smaller shift and the increase of the PL intensity for more shell layers might be attributed to 
healing of surface traps and reduction of trap-related PL components as well as to the reduced 
exciton‒phonon coupling. The highest PL intensity (PL QY of 40 %) in this series of samples 
was achieved for three MLs of CdS (Figure S3b). 
Tessier et al. have shown that mixed CdxZn1‒xS shells cause high PL QY.[13] We investigated 
whether these mixed-cation alloy shells also reduce the large red-shift that occurs when the first 
ML of the shell is formed. We analyzed the influence of the zinc content on the optical 
properties of core/shell NPLs using different cadmium-zinc stock solutions with initial feed 
compositions of Cd0.2Zn0.8, Cd0.15Zn0.85, Cd0.10Zn0.90, and Cd0.05Zn0.95 to grow three additional 
monolayers on the CdSe NPLs. Figure S4 shows the resulting shifts of the absorption and PL 
maxima as well as changes in the PL intensity. These data reveal that larger amounts of zinc 
precursor result in a more pronounced decrease of the PL intensity and smaller PL red-shifts 
than for pure CdS shells. We also grew 3-ML shells in a sequential manner by first depositing 
one ML of pure CdS, then one ML of CdxZn1‒xS, and finally one ML of pure ZnS. These NPLs 
have a PL QY value of 50% after exposure to ambient sunlight (see the next section), which is 
stable over several months of storage. To the best of our knowledge, this is the highest value 
achieved for such NPLs after room temperature post-synthetic treatment. We hypothesize that 
the smaller lattice strain of this particular shell configuration increases the PL QY. Since it was 
recently demonstrated that thiol-capped water-soluble CdSe/CdS nanorods are very promising 
for applications in lasing,[16] we used ligand exchange and phase transfer of the core/shell NPLs 
to an aqueous medium in order to extend the range of solvents appropriate for the NPLs, results 
of which are presented in Figure S5 and S6 along with further discussion. 
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2.3. Photo-Brightening from Exposure to Ambient Sunlight 
When the colloidal NPL solution is exposed to ambient sunlight, the PL is strongly enhanced 
(Figure 3). For example, the emission intensity drastically increased after two weeks of 
exposure, eventually reaching 40% PL QY (Figure 3b). Similar enhancement can be achieved 
much quicker by irradiating the NPLs with a 100 W xenon (white light) lamp (Figure S7); the 
maximum intensity occurred after an exposure of 3 h, followed by a decrease. In both cases, 
both the PL and absorption shifted slightly to the blue. This suggests the surface of the NPLs is 
partially etched, which eliminates surface defects and thus trap states. 
To gain a better understanding about the photochemical transformations caused by light, we 
used X-ray photoelectron spectroscopy (XPS) to study the as-synthesized 5-ML CdSe/2-ML 
CdS NPLs (denoted as “DARK”) and those illuminated (denoted as “LIGHT”). Figure 4 
compares the fitted high-resolution spectra of both samples and Table S1 gives selected ratios 
derived from the fit. Both samples were kept in darkness prior to the XPS measurement. We 
observed a strong SOx feature at 168‒169 eV[17] (Figure 4b) in both samples and believe this 
forms during the synthesis or very soon afterward. The strong SOx feature is consistent with the 
high oxygen content in both samples (22%), because although the main ligand (OlAm) does 
not contain oxygen, OlAc does. We did not observe any second Cd3d component at higher 
binding energy which, if present, would indicate either surface oxides[18] or other species with 
coordination different from the “bulk” Cd2+,[19] or partial charging of the sample during XPS 
measurement[20]. The Se signal is weak but clearly detectable for the Se3d orbital (Figure 4c). 
The absence of SeOx features confirms that the CdS shell is complete. The intensity of the Se 
signal increases after light treatment. Because this increase is accompanied by a simultaneous 
decrease of the sulfur content (mainly the S0 component, see Table S1), we believe that both 
effects arise from the partial removal of sulfur from the NPLs, resulting in a more Cd-rich 
surface. Such Cd-rich surfaces generally give rise to higher PL QY in quantum dots[21] and 
hence are probably the source of the enhanced PL in our case as well. 
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Exposure to ambient light creates other changes in the XPS spectra: shifts of Cd, Se, and C 
peaks by 0.3 eV towards higher binding energy (Figure 4c, e, f), a shift of the valence band 
edge by ~0.1‒0.2 eV (Figure 4e), and a shift of the O signal by <0.1 eV (Figure 4g). The 
complex structure of the sulfur spectrum makes it difficult to follow the shift of the sulfur 
feature, but for species related to SOx the shift is very clear. Stronger electrostatic charging of 
the LIGHT sample than the DARK one due to photoemission is unlikely, because both samples 
have similar amounts of organics and because the same shift was observed in repeated 
experiments. Changes on the NPL surface (i.e. the removal of sulfur as well as a change of the 
ligand charge due to deprotonation, as discussed in the next paragraph) also alter the local 
vacuum level seen by electrons escaping the NPLs and thus shift, by ~0.1‒0.2 eV, the position 
of the valence band edge with respect to the Fermi level. XPS/UV photoelectron spectroscopy 
(UPS) measurements of the secondary electron cut-off (SECO), which allow the ionization 
potential of the NPLs to be determined, show that the illumination shifts the valence band edge 
further away from the Fermi level while leaving the vacuum level unaffected. We interpret this 
effect as a consequence of the NPLs becoming more n-type: the Fermi level is ~2 eV above the 
valence band edge and this energy is more than half the optical bandgap determined from 
absorption spectroscopy. The upward Fermi level shift is in agreement with the formation of 
Cd-rich surface of the NPLs after the light treatment. 
The N1s XPS spectrum also helps to understand the photochemical transformations on the NPL 
 
surface. The N1s peak of OlAm and other primary amines coordinated to the NPL surface is 
expected around 400 eV.[22] In the DARK sample, the N1s primary peak is at 401 eV, with a 
weaker one at 399 eV (Figure 4d). In the LIGHT sample, the intensity of the primary one 
decreases while the weaker peak is slightly enhanced (Figure 4d, insets). These two peaks 
resemble the spectra observed in Bi2S3 nanoparticles for protonated (401.5 eV) and 
deprotonated  (i.e.  free base)  (400 eV) OlAm.[23] Since deprotonation  generally reduces  the 
binding energy,[17] we conclude that light partially deprotonates oleylammonium cations. It is 
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electrostatically favorable for the protonated R‒NH3+ to bind to sulfur on the NPL surface, and 
for free base OlAm to bind to the positively charged Cd-rich surface. This is again consistent 
with our assumption that the surface becomes more Cd-rich after the exposure to light. The 
question remains open whether the removal of sulfur from the surface triggers the deprotonation 
of oleylammonium cation or the deprotonation causes sulfur to be removed. 
The C1s XPS spectrum of both DARK and LIGHT samples is dominated by a peak 
corresponding to –C‒C-chain of OlAm (and OlAc), with a shoulder at a higher binding energy 
that matches the C‒N bond of OlAm and the C‒O bond of OlAc (Figure 4f). The O1s spectrum 
can be well fitted with a single component whose position matches SO3/SO4 (Figure 4g). Since 
we observe a strong S4+ peak in the S2p spectra (Figure 4b), the superficial oxygen can probably 
be associated with these species. 
2.4. Results from Tailoring the Optical Properties 
2.4.1. Method A 
One major limitation of CdSe-based NPLs is the discreteness of their optical properties for 
thicknesses from two to five MLs. Here we note that during preparation of this paper, Moreels 
and co-workers reported the first successful synthesis of CdSe NPLs with thickness exceeding 
5 ML, i.e. 6, 7, and 8 ML thick plates, achieved by switching the growth from 2D to 3D in the 
presence of cadmium chloride.[24] Notwithstanding this achievement, the resulting optical 
properties, in particular the PLQYs, especially of red-emitting samples, call for further 
improvement. Lately, also the Talapin group has reported on the successful synthesis of 6-ML 
CdSe NPLs.[25] In particular, the ability to continuously tune the color of NPLs is of paramount 
importance for their application in LEDs, displays, and lasers. To this end, we developed two 
procedures for varying the sulfur content in the first deposited layer: by controlling the reaction 
time for deposition (Method A) and by changing the concentration of the sulfur precursor in the 
reaction mixture (Method B). The importance of controlling the first layer is evident from the 
very large red-shift that occurs when the first sulfur layer is deposited (Figure S3b). 
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In Method A we control the sulfur deposition time by varying the time spent shaking the two- 
phase mixture after adding (NH4)2S. Using this approach, one can continuously tune the 
absorption maxima between 550 and 640 nm and the PL maxima between 560 nm and 650 nm 
(Figure 5). The results reveal an initially rapid red-shift of the absorption and emission maxima 
which slows down and approaches a plateau after several hours (see also the spectra in Figure 
S8). This suggests that even small amounts of sulfur can lead to a drastic change in the 
localization of the charge carriers, which are primarily electrons. Larger amounts of OlAm, 
which acts as a sulfur transfer agent, shift the absorption and PL maxima further to the red (cf. 
Figure 5a and b). The Stokes shift behaves similarly, first increasing to 55 meV (15 nm) and 
then decreasing to 30 meV (10 nm) at the end of the treatment. Our approach achieves high 
purity of color, with FWHM between 72 meV for long reaction times and 227 meV for short 
reaction times, i.e. between 22 and 60 nm (Figure S9a). The large FWHM at short reaction 
times is due to emission from trap states that is suppressed after ~10 min. Deposition of the next 
cation layer shifts the spectra further to the red. The shift for CdS shells is larger than for ZnS, 
especially at the beginning of the reaction. As in the case of the complete shell growth on CdSe 
NPLs, remarkable enhancement of their PL intensity upon exposure to ambient sunlight (or by 
irradiation with a lamp) was observed also in these experiments. 
2.4.2. Theoretical Results 
To understand the observed changes in the NPL absorption spectra during the growth of the 
shell, we turn to theoretical results obtained using density functional theory (DFT) and kinetic 
Monte Carlo (kMC) model. We focus on the evolution of the fundamental optical gap during 
the growth process. The optical gap can be reliably compared with the measured absorption 
onset because we first tuned the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional to reproduce 
the bulk band gap of CdSe. Based on our computational results we propose that the growth 
occurs in three distinct stages. Stage 1 is the initial 4-ML CdSe NPL covered by a full 
monolayer of acetate ligands. The calculated DFT/HSE optical gap of this all-core NPL is 528 
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nm, in good agreement with the initial experimental peak at 515 nm (Figure S8b). Stage 2 
occurs after addition of the sulfur precursor: the sulfur ions displace the acetate ligands, bind to 
surface cadmium, and then dimerize with neighboring sulfur ions to form a fully dimerized 
sulfur layer. This theoretical finding is well supported by our XPS data, which reveal the 
presence of S0 species. We did not model the detailed reaction pathway of the sulfur-for-acetate 
ligand exchange process theoretically, but we assume it is rapid because the experimentally 
observed changes occur quickly. The resulting 4-ML core/shell CdSe/S NPL has a theoretical 
optical gap of 584 nm, extremely close to the experimental absorption onset of 580 nm (Figure 
S8b). Stage 3 is a much slower process in which cadmium ions first bind to the sulfur dimers 
and then, upon filling in the completed atomic layer, dimerize with neighboring cadmium. In 
Figure S10 we schematize these stages assigning them to certain absorption spectra. The initial 
binding of cadmium to surface sulfur dimers is hindered by an activation barrier to adsorption 
of 0.48 eV, which suppresses by five orders of magnitude (at the experimental growth 
temperature) the rate at which cadmium is adsorbed onto the surface. This suppression explains 
the experimentally observed very long time scale over which the optical properties evolve 
during this stage. The final resulting 4-ML CdSe/1-ML CdS core/shell NPL has a theoretical 
optical gap of 645 nm, in quite close agreement with the observed value of 622 nm. 
We also analyzed theoretically the optical properties of CdSe NPLs capped by incomplete CdS 
shells. Figure 6a depicts one possible representative example of a 4-ML CdSe NPL passivated 
by a dimerized S layer and overgrown by an incomplete (0.5 ML) shell of CdS. Of course, this 
is not the only possible arrangement of an incomplete shell layer. However, we expect that the 
average coverage of the shell should be the primary factor controlling the optical absorption 
onset. Indeed, the theoretical optical gap, 599 nm, for this incomplete core/shell NPL is midway 
between the values for the all-core and the fully formed core/shell NPLs (Figure 6b). 
2.4.3. Method B 
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In our second approach, we control the concentration of sulfur precursor in the mixture while 
keeping all other synthetic conditions the same. This approach provides a simpler and more 
efficient tool to tune the optics compared with Method A, because the reaction of the sulfur 
precursor with the NPLs is very fast and cannot be easily controlled. Hence, a very precise 
spectral tuning is possible by adding small portions of (NH4)2S solution to the mixture. We find 
that the absorption and PL spectra evolve in quasi-continuous steps (Figure 7). In this way, 
absorption maximum shifts from 514 to 611 nm, while the PL maxima of the CdSe/S2– NPLs 
can be precisely tuned between 520 and 620 nm. The evolution of the absorption spectra 
achieved in this method is compared with short reaction time approach in Figure S11. The PL 
peak broadening for CdSe/CdxZn1‒xS NPLs at low sulfur-content can be attributed to increased 
trap concentration and inhomogeneous sulfur distribution on the CdSe plate seeds, which 
gradually decrease upon further growth of a complete shell layer. 
In this method, the initial CdSe NPLs were allowed to react with the sulfur precursor for 
approximately 12 hours at room temperature, followed by washing and then reaction with the 
Cd (and/or Zn) precursor for 1 hour to form CdSe/CdS (CdSe/CdxZn1‒xS or CdSe/ZnS) 
core/shell NPLs. As in our earlier experiments, the freshly prepared samples exhibited rather 
low PL QY of about 10%. Light irradiation strongly enhanced the PL intensity. Alloyed 
CdxZn1‒xS shells, grown with the feed ratio Cd0.5Zn0.5, showed the highest PL QY (up to 50%). 
These NPLs are colloidally stable and have quite narrow FWHMs in the range of 72‒87 meV 
in the yellow-red spectral region. NPLs to which small amounts of sulfur precursor are added 
emit in the green-yellow region and have broader PL spectra (FWHM in the range 140‒160 
meV) similar to those obtained using Method A (Figure S9b). Elemental analysis of these shells 
shows low Zn content (Zn/Cd ≤ 1/20), suggesting the reactivity or surface affinity of the Zn 
precursor is much lower than that of the Cd precursor. 
We used time-resolved PL spectroscopy to determine the emission lifetimes of the resulting 4- 
 
ML CdSe/CdS and CdSe/CdxZn1‒xS core/shell NPLs with varying amounts of sulfur (Figure 7 
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c,d and S12). The determined decays were well fitted with a bi-exponential function containing 
a short and a long lifetime. One can see that both the short (τ1) and the long (τ2) components 
increase with the increasing amount of sulfur in the resulting CdSe/CdxZn1‒xS core/shell NPLs, 
that suggests the successful growth of the shell (Figure 7d). This results in an enhanced 
delocalization of the electron over the shell material in the quasi-type-II band alignment as 
proposed by theoretical calculations by Rajadell et al.[26] In contrast, the CdSe/CdS core/shell 
NPLs show first an increase of the lifetime followed by a slight decrease of the short and the 
long components with the increasing amount of sulfur (Figure S11). Here, the observed decline 
can be attributed to the increased number of sulfur traps on the surface as it was suggested by 
Yadav et al., who found decreased lifetimes in sulfur terminated core/shell NPLs.[27] Those 
results are also in agreement with Gong et al. which show that in CdSe/CdS core/shell quantum 
dots the decrease is due to quasi-type-II band alignment.[28] In this alignment, the hole is 
localized in the core and the electron is delocalized throughout the core and the shell. This is 
different from type-II alignment for core/shell dots such as CdTe/CdSe, where the hole is 
localized in the core and the electron in the shell.[29] The lifetimes of our core/shell NPLs exceed 
those of the all-core NPLs, which have ultra-short lifetimes of a few nanoseconds.[30] 
PL excitation spectroscopy of the core/shell NPLs reveals no difference between spectra 
acquired using different excitation wavelengths. This indicates that the NPL population is 
homogeneous. We also used Method B to grow a second ML of CdxZn1‒xS shell by adding the 
sulfur precursor to the 4-ML CdSe/1-ML CdxZn1‒xS core/shell NPLs and letting them react for 
15 hours. The absorption and PL spectra revealed a small red-shift (approx. 10 nm) which did 
not change after the addition of cations (Figure S13). These results confirm that the major 
changes of optical and electronic properties occur during the growth of the first sulfur layer. In 
addition, these samples retain their bright fluorescence with high PL QY after a year of storage, 
underling the stability of the core/shell NPLs. 
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3. Conclusion 
We have demonstrated a straightforward approach to synthesizing core/shell CdSe/Cd(Zn)S 
NPLs with continuously and precisely tunable emission in the range 520 to 630 nm. The shells 
are grown by alternately depositing sulfur and cadmium (and/or zinc) layers in a two-phase 
mixture at room temperature. The first sulfur layer is crucial for tuning the optical properties of 
the NPLs. By varying either the deposition time or the amount of sulfur precursor, one can 
finely tune the absorption and emission spectra. Controlling the ratio of precursor and ligand 
concentrations is also important for the quality of the NPLs. The resulting NPL solutions are 
colloidally very stable and have high PL QYs and narrow PL spectra. Ambient sunlight, or even 
a white-light lamp irradiation, leads to high QYs by eliminating defects in the NPLs. We have 
also demonstrated that depositing alternating shell layers of ZnS, CdS and CdxZn1‒xS creates 
an additional degree of freedom for modulating the optoelectronic properties of NPLs, as we 
recently showed for spherical CdSe quantum dots.[31] We have revealed theoretically the 
atomistic mechanisms that govern shell growth and thus the optical changes observed 
experimentally. Finally, we have demonstrated a technique for transferring these core/shell 
NPLs into aqueous media that retains their excellent optical characteristics. 
 
4. Experimental Section 
Chemicals: Cadmium acetate dihydrate (Cd(OAc)2∙2H2O, 99.99 %) was purchased from 
Chempur. Cadmium oxide (CdO, 99.99%), zinc acetate dihydrate (Zn(OAc)2∙2H2O, 99%), 
myristic acid (98.5%), oleic acid (OlAc, 90%), oleylamine (OlAm, 70%), selenium powder (Se, 
100 mesh, 99.99%), 1-octadecene (ODE, 90%), and ammonium sulfide ((NH4)2S, 40‒48% in 
water) were purchased from Sigma-Aldrich. Ethanol (anhydrous, >99%) was purchased from 
Merck, n-hexane (95%) ‒ from VWR, toluene (p.a.) ‒ from Fisher, formamide (FA, 99.5%) ‒ 
from Acros Organics, chloroform (99.99%) ‒ from Fisher Chemicals. 
Synthesis of 4-ML and 5-ML CdSe nanoplatelets: For the synthesis of CdSe NPLs we used a 
 
modified recipe of Antanovich et al.,[32] whereby 70 mg CdO (0.54 mmol) and 340 mg myristic 
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acid (1.4 mmol) in 28 mL ODE were degassed at 110°C for 30 min in a 50-mL three-neck flask. 
For the preparation of Cd(myristate)2 the temperature was raised to 285°C under argon 
atmosphere when the solution became transparent. For the 5-monolayer (ML) NPLs we 
increased the temperature to 305°C for 20‒30 min, which led to a change from clear and 
colorless to a grey-turbid mixture. After the synthesis of the cadmium precursor, the reaction 
mixture was cooled down to 90°C and degassed once again. In the next step we added 24 mg 
Se (0.3 mmol) suspended in 2 mL ODE by ultra-sonication (30 min) and degassed the system. 
For the synthesis of 4-ML CdSe NPLs, after degassing, the mixture was heated to 240°C with 
subsequent addition of 160 mg Cd(OAc)2∙2H2O (0.64 mmol) at 190‒200°C. The NPLs grew at 
240oC for 10 min. To obtain 5-ML NPLs, the temperature was increased to 250°C, and 240 mg 
 
Cd(OAc)2 2H2O (0.96 mmol) were added to a yellowish-orange/grey solution at 190‒200°C. 
The growth of these NPLs was carried out at 250°C for 10 min. The growth was quenched by 
rapid cooling with a water bath and the addition of 1 mL OlAc at 180°C. The solution was 
divided into two parts and placed in 50-mL centrifugation tubes; 20 mL of a hexane:ethanol 
(3:1-vol.) mixture was added to each portion with subsequent centrifugation at 4000 rpm (rcf = 
1972 g) for 10 min to separate the NPLs from CdSe nanoparticles, which are typically formed 
as a byproduct. The precipitate was dissolved in 4 mL (for 4-ML NPLs) and 10 mL (for 5-ML 
NPLs) hexane. Sometimes we observed the formation of 3-ML NPLs in the 4-ML CdSe NPL 
synthesis; these were separated by additional centrifugation of the solution at 8000 rpm for 3 
min, yielding precipitate containing large 3-ML NPLs and supernatant containing smaller 4- 
ML NPLs. 
Cd(Zn)S shell growth in short-time reactions. 
To create the core/shell NPLs, we modified the method published by Ithurria and Talapin.[8] 
The reactions were performed in 15-mL centrifugation tubes containing a two-phase system of 
hexane and FA to separate the ionic precursors from the NPLs. We used a short reaction time 
of 5 min to deposit each half-ML of the shell at room temperature. In the first step, a portion of 
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4-ML NPL solution, prepared as described above and depending on the reaction yield, was 
diluted by adding hexane to a total volume of 6 mL, of which 15 µL diluted with 1 mL of 
hexane had an optical density of 0.13 at the heavy hole (hh)-absorption. Further, 300 µL OlAm, 
1 mL FA and 150 µL of (NH4)2S solution were added. After shaking for 5 min, the hexane 
phase was washed three times with fresh 1-mL portions of FA by centrifugation and 
decantation. Cation precursor stock solutions were prepared by dissolving 335 mg 
Cd(OAc)2∙2H2O (1.26 mmol) or 276 mg Zn(OAc)2∙2H2O (1.26 mmol) in 15 mL FA. To 
complete the shell after the deposition of the first sulfur layer, fresh 30 µL of OlAm and 150 
µL of cadmium or zinc precursor diluted with 350 µL FA were added with subsequent shaking 
for 5 min. The washing steps were repeated. This successive deposition of S2– and Cd2+ (or Zn2+ 
or their mixture) followed by washing can be repeated several times depending on the desired 
shell thickness. For the growth of subsequent layers only 30 µL of OlAm was added for each 
layer. 
Tailoring the optical properties. Two different methods were used to tailor the optical 
properties of core/shell NPLs. 
Method A: tuning the reaction time. To precisely control the amount of sulfur in the first shell 
layer, we varied the exposure time of the NPLs to the sulfur precursor. We used the same 
volume (6 mL) of the NPLs in hexane (optical density of 15 µL sample diluted in 1 mL hexane 
= 0.13) and 1 mL FA in the tube, and then added 50 µL (NH4)2S solution and 150 µL OlAm. 
To accelerate the deposition, and thus to shift the absorption and emission spectra, these 
amounts can be increased to 150 µL and 300 µL, respectively. We monitored the deposition by 
taking 500 µL aliquots at different reaction times, with subsequent washing of the NPLs with 
100 µL FA. These samples were used to deposit the cation layer in the next step. The NPLs 
were diluted to 1 mL total volume by adding first hexane and then 10 µL OlAm and 25 µL of 
the stock cation (Cd2+, Zn2+ or their mixture) solution with 175 µL FA, and shaking this mixture 
19 
 
 
in a 1.5-mL centrifugation tube for 60 min. Afterwards the NPLs were washed with FA and 
stored under ambient sunlight. 
Method B: varying the sulfur precursor concentration. In this second method, 1 mL portions of 
the NPL solution in hexane (optical density of 15 µL NPLs sample diluted in 1 mL hexane = 
0.06) were mixed with 25 µL OlAm and 0.5, 1, 2, 3, 4, or 5 µL (NH4)2S in 200 µL FA in a 1.5- 
mL centrifugation tube. After shaking for 12 h, the resulting mixtures were washed as described 
above, and then 10 µL OlAm and 25 µL cation precursor in 200 µL FA were added to each 
sample with subsequent shaking for 1 h to complete the 1 ML shell. The highest PL QYs were 
achieved by using a 1:1 mixture of the Cd and Zn precursors. 
DFT calculations. We performed first-principles total-energy calculations to determine the 
relaxed equilibrium geometry and electronic properties of 4-ML CdSe NPLs with different 
ligands (oleate, acetate, and sulfur ions) with and without a 1-ML CdS shell. The calculations 
were performed using two-dimensionally periodic slabs to represent the NPLs, with a vacuum 
region of at least 10 Å. All atomic positions were relaxed until the largest force component on 
every atom was below 0.05 eV/Å. Total energies and forces were calculated within the 
generalized-gradient approximation of Perdew, Burke, and Ernzerhof (PBE) to DFT using 
projector-augmented wave (PAW) potentials as implemented in VASP.[33] Using the geometry 
determined with PBE, we calculated the energies of the lowest-lying electron and hole quantum 
size levels using DFT with the HSE hybrid functional.[34] The HSE functional replaces a 
fraction of the PBE exchange potential by the exact Hartree-Fock exchange potential and 
generally leads to a more accurate description of the electronic properties of many materials. 
We used a mixing fraction, a = 0.285, chosen to reproduce the experimental bulk band  gap of 
1.66 eV for cubic CdSe. The plane-wave cutoﬀ for all calculations was 400 eV. Spin- 
polarization, but not spin‒orbit coupling, was included when appropriate. Finally, we used DFT 
activation barriers and the kmos program[35] to create a kMC model for analyzing the atomistic 
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kinetics and the laboratory timescale for growing a 1-ML CdS shell on a CdSe NPL from a 1- 
mmol solution of cadmium and sulfur at 250°C. 
Characterization. Absorption spectra were acquired at room temperature using a Cary 60 UV– 
Vis spectrophotometer (Agilent Technologies) from diluted NPL solutions in 1-cm-path quartz 
cuvettes. The PL spectra were recorded on a Fluoromax-4 spectrofluorometer (Horiba Jobin 
Yvon Inc.). To estimate absolute PL QYs, we used a FluoroLog-3 spectrofluorometer (Horiba 
Jobin Yvon Inc.) equipped with a Quanta-φ integrating sphere. An excitation wavelength of 
450 nm was set for all PL and PLQY measurements. Time-resolved PL measurements were 
performed at room temperature using a FluoroLog-3 spectrofluorometer (Horiba Jobin Yvon 
Inc.) equipped with a pulsed-laser diode (410 nm) and a TCSPC module. Average PL lifetimes 
were calculated after the initial signal intensity was reduced to 10,000 counts/e or a bi- 
exponential fit was applied. TEM was performed using an FEI Tecnai F30 microscope operated 
at 300 kV. CdSe NPLs were drop-casted from their diluted solutions in hexane onto carbon- 
coated copper grids. High resolution TEM images were acquired on a JEOL JEM-2200FS 
microscope equipped with a 200 kV field emission gun, a CEOS spherical aberration corrector 
for the objective lens and an in-column image filter (Ω-type). EDS elemental maps and line 
profiles were obtained by a Bruker Quantax 400 system with a 60 mm2 XFlash 6T silicon drift 
detector (SDD) mounted on this microscope. For the specimen preparation, a diluted NPL 
dispersion was drop-cast onto ultrathin carbon/holey carbon coated 400 mesh gold grids. 
Powder XRD patterns were collected with a Bruker AXS D2 PHASER diffraction system in 
reflection mode. A nickel filter, Cu Kα1 irradiation, and a LYNXEYE/SSD160 detector were 
used. XPS was performed with an ESCALAB 250Xi XPS Microprobe (Thermo Scientific) 
equipped with a monochromatized Al Kα X-ray source (hν = 1486.6 eV). We prepared the 
samples within two minutes by drop-casting onto a precleaned Si substrate, evaporating the 
solvent, and then transferring them to the XPS chamber. This method excludes oxidation effects 
due to contact with air. The survey and high-resolution spectra were acquired at a bandpass 
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energy of 200 eV and 20 eV, respectively. UPS was performed on the same setup using He-I 
excitation line (21.2 eV) at a bandpass energy of 2 eV. To analyze the composition of the 
nanomaterial, inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin 
Elmer Optima 7000DV) was used to quantify the content of Cd, Zn, Se, and S. For the 
preparation of the samples for ICP-OES, the NPLs first were precipitated from their 150-µL 
solutions in hexane via addition of ethanol and decomposed overnight by adding aqua regia 
(HNO3 (c)/HCl (c) = 1:3-vol.) followed by dilution with Milli-Q water to a total volume of   
20 mL. 
 
Supporting Information: description of the phase transfer of CdSe/Cd(Zn)S NPLs to water, 
additional absorption, PL and time resolved PL spectra, XRD patterns of the NPLs, XPS data, 
size distribution of the NPLs before and after the shell growth. 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Scheme of the method for growing shells by sequential deposition of cation and anion 
layers on CdSe NPLs using a two-phase mixture of hexane and FA. In addition to Cd- or Zn-, 
also mixed Cd- with Zn-precursors can be employed for the cation layer deposition. 
 
Figure 2. TEM images of (a) initial 4-ML CdSe NPLs, (b) CdSe/S2– NPLs, and (c) core/shell 
CdSe/CdxZn1‒xS NPLs obtained using Method B (overnight treatment with 7 µL (NH4)2S with 
subsequent deposition of the (Cd2+ + Zn2+) layer). HAADF-STEM image of core/shell 
CdSe/CdxZn1‒xS NPLs (d). STEM-energy-dispersive X-ray spectroscopy (EDS) line profiles of 
Cd, Se and S displaying the distribution of the elements across the three selected NPLs with 
elemental maps acquired on a single NPL (e). Zn is not shown, since its signal was rather week 
due to a low content of the element in the shell. 
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Figure 3. Evolution of the absorption (a) and PL (b) spectra of the core/shell CdSe/CdS NPLs 
during their exposure to the ambient sunlight over 16 days. Inset in (a) shows a magnified part 
of the absorption spectra. Inset in (b) is a photo of the NPLs solution before and after the light 
exposure. 
 
 
 
Figure 4. High-resolution XPS spectra of the CdSe/CdS NPLs before (DARK) and after 
(LIGHT) the illumination, and their deconvolution. 
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Figure 5. Dependence of the positions of absorption (top) and PL (bottom) maxima of 4-ML 
CdSe NPLs on reaction time for depositing the first sulfur layer. Each panel shows results for 
a half-ML shell (CdSe/S2–) and two 1-ML shells (CdSe/CdS, CdSe/ZnS). The panels are 
arranged in three columns, labeled by the amount of ammonium sulfide (“S-prec.”) and OlAm 
added: (a) 50 µL (NH4)2S solution and 150 µL OlAm, (b) 50 µL (NH4)2S solution and 300 µL 
OlAm, (c) 150 µL (NH4)2S solution and 300 µL OlAm. 
 
 
Figure 6. (a) Top and side views of a 4-ML CdSe NPL overgrown by an incomplete (0.5 ML) 
shell of CdS. The relaxed geometry was determined by DFT under the assumption that the 
incomplete CdS shell is distributed as shown, but other arrangements are possible. Cd atoms 
are blue, Se are yellow, S are orange and red. (b) Theoretical DFT/HSE optical gap versus CdS 
coverage. 
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Figure 7. Absorption (a) and PL (b) spectra of the CdSe/CdxZn1‒xS core/shell NPLs obtained 
by varying the content of (NH4)2S during the deposition of the first S2– layer (Method B). Inset 
in (b) is a photo of the NPL colloids with their PLQYs. PL decay curves of the CdSe/CdxZn1‒ 
xS core/shell NPLs with increasing sulfur content (c) and corresponding short and long 
components of the decays (d). 
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A straightforward colloidal synthesis of core/shell CdSe/Cd(Zn)S nanoplatelets with 
continuously and precisely tunable fluorescence in the range of 520‒630 nm is demonstrated. 
The shells are grown by alternate deposition of sulfur and cadmium (and/or zinc) layers in a 
two-phase mixture at room temperature. The addition of the first sulfur layer leads to a 
significant red-shift of the optical features of the NPLs. 
 
New: 
A straightforward colloidal synthesis of core/shell CdSe/Cd(Zn)S nanoplatelets with 
continuously and precisely tunable fluorescence in the range of 520‒630 nm is demonstrated. 
The shells are grown by alternate deposition of sulfur and cadmium (and/or zinc) layers at room 
temperature. The addition of the first sulfur layer leads to a significant red-shift of the optical 
features of the nanoplatelets. 
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ADDITIONAL METHODS 
 
Chemicals. Mercaptosuccinic acid (MSA, 99%) and ethylendiamine (EDA, >99%) were 
purchased from Sigma-Aldrich, sodium hydroxide (NaOH, 99%) ‒ from Grüssing. 
 
 
Phase transfer of CdSe/CdS core/shell NPLs via ethylenediamine-assisted ligand 
exchange. First, the core/shell CdSe/CdS NPLs were precipitated from their 150-μL solution 
in hexane (optical density of 15 µL NPLs sample diluted in 1 mL hexane = 0.06) by adding  
50 µL ethanol and centrifuging the mixture at 2000 rpm for 15 s. The NPLs were dissolved in 
500 µL chloroform followed by the addition of 50 µL EDA. After shaking for 5 min, 200 µL 
0.1 M aqueous MSA and NaOH solution with pH= 12‒12.5 were added. The NPLs transferred 
from hexane to water. After shaking for 1 h, the NPLs were precipitated upon addition of   
100 µL ethanol followed by centrifugation at 2000 rpm for 90 s and then redissolved in 500 µL 
of pure water. 
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Figure S1. Size distribution (expressed as area of the NPLs in nm2) of initial 4-ML CdSe, 
CdSe/S2–, and core/shell CdSe/CdxZn1‒xS NPLs obtained using Method B (overnight treatment 
with 7 µL (NH4)2S with subsequent deposition of the (Cd2+ + Zn2+) layer. Their TEM images 
are presented in Figure 7 of the main text. 
 
 
 
 
 
 
Figure S2. XRD patterns of initial 4ML CdSe (bottom), CdSe/CdS and CdSe/CdxZn1‒xS 
core/shell NPLs compared to ICDD database powder diffraction files of cubic CdSe (C19-191), 
CdS (C10-454) and ZnS (C5-566). 
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Figure S3. Evolution of (a) absorption and (b) PL spectra of 4-ML CdSe NPLs during the 
growth of CdS shells employing short reaction time of 5 min, in steps of half-MLs, upon 
exposure to ambient sunlight for one week. The inset in (b) shows relative PL intensities 
(compared to the initial CdSe NPLs) during shell growth with the highest PL OY of 40 % 
reached with 3-ML CdS shell. 
 
 
 
 
Figure S4. Positions of the absorption (hh) and emission maxima, and PL intensity, for different 
compositions of the CdxZn1‒xS shell. 
 
 
 
Ligand exchange and phase transfer of the CdSe/Cd(Zn)S core/shell NPLs to aqueous 
media 
We followed a recipe based on EDA-assisted ligand exchange summarized in Figure S5a.[36] 
After we added short thiol-ligand (MSA) to a mixture of CdSe/CdS core/shell NPLs in 
chloroform and water containing EDA, the NPLs rapidly transferred to the aqueous phase. 
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Subsequent washing and redispersing in pure water led to a stable solution of NPLs. This 
strategy is facile and straightforward, and works well with other thiol-based ligands such as 
dimercaptosuccinic acid, mercaptopropionic acid, and thioglycolic acid. A critical step in the 
ligand exchange is the replacement of hexane with chloroform, which assures efficient phase 
transfer. Another important factor is the amount of EDA, which should be kept small due to 
quenching of the PL by amines that occurs when OlAm is added. The PL QY of NPLs with 3 
MLs of CdS shell increased (to 44%) after the phase transfer, compared to 32% in hexane. This 
increase is likely due to the elimination of traps on the surface, as we confirmed by observing 
a remarkable increase of the PL lifetime (Figure S5c) after the phase transfer. We further tested 
different shell compositions and found that NPLs with a sequentially deposited CdS-CdxZn1‒ 
xS-ZnS shell exhibit the highest PL QY (50%) with no loss of intensity compared to hexane 
solutions. These NPLs approach mono-exponential decay kinetics after the transfer, with 
average decay times of 45 ns in water and 17 ns in organics. 
 
Figure S5. Scheme of the phase transfer of the CdSe/CdS core/shell NPLs to the aqueous media 
via EDA-assisted ligand exchange (a). Absorption and PL spectra of 4 ML CdSe/CdS core/shell 
NPLs before and after the phase transfer (b). PL decay curves of CdSe/CdS core/shell NPLs 
before and after the ligand exchange (c). 
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Figure S6. PL decay curves of the CdSe/CdxZn1‒xS core/shell NPLs before and after the phase 
transfer. 
 
 
 
 
 
 
 
 
 
Figure S7. Evolution of the absorption (a) and PL (b) spectra of the core/shell CdSe/CdS NPLs 
during their light irradiation by a 100 W xenon lamp. Dependence of their PL intensity on the 
time of the light irradiation (c). 
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Table S1. The elemental ratios from HR XPS spectra. 
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Figure S8. Absorption (a) and PL (b) spectra of the 4 ML CdSe/CdS core/shell NPLs obtained 
from a series of CdSe/S2– NPLs treated with the S precursor according to Method A (synthesis 
conditions are similar to those in Figure 4a in the main text). Crosses in (b) show positions of 
the experimental (black) and corresponding calculated (red) PL maxima of the samples (see the 
section “DFT calculations” in the main text). 
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Figure S9. Positions of the PL maxima (green) and FWHM values (red) of the CdSe NPLs 
treated according to Method A (a) and Method B (b) with subsequent deposition of the Cd2+ (a) 
and Cd2+ + Zn2+ alloy (b) layer resulting in CdSe/CdS and CdSe/CdxZn1‒xS core/(incomplete) 
shell structures, respectively. 
 
 
 
 
 
 
Figure S10. Scheme of the two-step shell growth of CdS shell on CdSe NPL with assigned 
absorption spectra. Starting from the acetate passivated 4-ML CdSe NPL (stage 1) a redshift in 
the optical properties is observed upon injection of sulfur precursor and the followed ligand 
exchange (stage 2). The shell growth for longer reaction time (Method A) or larger amount of 
sulfur precursor (Method B) results in a complete CdS coating after addition of Cd-precursor 
accompanied by a slow reaction with sulfur layer and rearrangement of cadmium atoms (stage 
3). 
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Figure S11. Absorption spectra of 4-ML CdSe NPLs during the growth of CdS shells 
employing short reaction time of 5 min, in steps of half-MLs (a) and core/shell 
CdSe/CdxZn1‒xS NPLs using Method B (overnight treatment with 0.5‒7 µL (NH4)2S (b). 
 
 
 
 
 
Figure S12. PL decay curves of the CdSe/CdS core/shell NPLs with increasing S2– 
concentration (a) with corresponding short and long lifetime components vs. the amount of the 
S precursor (b). 
38 
 
 
 
 
 
Figure S13. Absorption and PL spectra of the initial 4-ML CdSe core NPLs, CdSe/S2–, 
core/shell CdSe/1-ML CdxZn1‒xS (before and after S2–-capping), and CdSe/2-ML CdxZn1‒xS 
NPLs. 
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